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ABSTRACT OF THE DISCLOSURE 

Interferometer means of improved design is 
provided in dichroism measurement apparatus that includes: 

a) a source of linearly .polarized electromagnetic 
radiation of different wavelengths }\ , 

b) the improved interferometer means for processing 
source radiation to provide a beam characterized, for each 
wavelength, by ellipticity that alternates between left and 
right circular polarization and between which the beam 
polarization becomes linear in one direction as the ellipticity 
alternates from left to right circular polarization, and linear 
in another direction as the ellipticity alternates from right 
to left circular polarization, the characteristic frequency 

of such alternation varying as a function of the wavelength, 

c) a sample space located for effecting passage of 
the elliptically polarized beam through a dichroic sample in 
that space, the sample differentially absorbing the alternately 
polarized radiation of a characteristic set of wavelengths ^ , 
and V * ■ 



d) a beam intensity detector located in the 
path of the beam passing from the sample space and 
characterized as having signal output that varies in 
intensity with frequency ^^^^ sample is in said 

space, said output adapted for processing to produce 
dichroic spectra varying with wavelength )\ , 

The interferometer means comprises a beam 
splitter located for passing and reflecting source light 
in two beams, beam reflecting and. polarizing structures 
in the respective paths of said two beams, at least said 
reflecting structures being relatively movable, and 
actuating means for effecting such relative movement of 
said structures to control said frequencies 
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BACKGROUND OF THE INVENTION 



This invention relates generally to apparatus for measuring 



polarization-dependent optical properties of samples, and more particu- 
larly concerns the application of Interferometric techniques with asso- 



5 



elated scanning In such measurements. 



In the past, and as exemplified in U. S. Patent 3,257,894, 



the measurement of circular dlchroism (a very useful optical property of 
substances, and defined as the difference in absorption of an optically 
active sample when determined using left-circularly polarized light and then 

10 right-circularly polarized light), has involved the step of obtaining the 
ratio of alternating and direct current components of an electrical signal 
obtained at the output of a detector such as a phototube. Light incident 
upon the detector, and resulting in production of that signal. Is typically 
derived by transmission as a beam from a source including a monochromator 

15 and through a polarizer, then through a polarization or electro-optic modu- 
lator wherein the linear polarized light is elliptically polarized In a cycli- 
cally varying manner (bharacterized by two counter-rotating, circularly 
polarized components, the relative magnitudes of the two components 
changing cyclically In time — at a "modulation frequency" — so that the 

20 dominant component Is alternately right- and left-circularly polarized), and 
finally through a sample. The latter, when circularly-dlchrolc, absorbs un- 
' equally the circularly polarized components of opposite sense and of 
periodically varying polarization, so that the total amount of light Inci- 
dent upon the phototube undergoes a corresponding periodic variation, 

25 i.e. larger when the predominant circularly polarized component of the 

light passing through the sample is of the sense absorbed to lesser degree 
by the sample, and smaller when the predominant circularly polarized com- 
ponent is of the sense absorbed to greater degree by the sample. The 
fluctuating component of the phototube output is of frequency equal to the 
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modulation frequency and with amplitude proportional to the difference 
between transmission levels for the circularly polarized components of 
opposite sense. The DC component on the other hand corresponds to the 
average or mean transmission of the sample for light at the wavelength. of 
interest. 

The above and similar systems require the provision of much 
expensive equipment. Including the monochromator and electro-optic 
modulator. While much thought has been given to the possible elimination 
of such equipment, the principles of operation as outlined above remain 
embodied in existing apparatus for measuring dlchroism in samples, i.e. 
successful substitutes have not been found. 

Equipment for measuring circular dichroism is usually easily 
adapted to the measurement also of linear dichroism, defined as the dif- 
ference in absorption of a sample for linearly polarized light with the 
direction of polarization corresponding to maximum absorption by the 
sample and a direction orthogonal to the maximum absorption direction. 
Linear dichroism is 'another useful optical property of substances and is 
the property upon which, for instance, the useful characteristics of sheet 
polarizers such as "Polaroid" depend. It may be measured by the equip- 
ment described above by introducing a* 1/4 wave '.'bias" in the polariza- 
tion characteristics of the light beam by superimposing a sufficient uni- 
directional potential upon the electro-optical modulator in addition to the 
• alternating potential, or by inserting in-the light beam a 1/4 wave retarder 
of conventional design. The light beam passing through the. sample then 
varies cyclically between two orthogonal linearly polarized components. 
At the modulation frequency a linearly dichroic sample absorbs these two 
components unequally producing corresponding periodic. variations in the 
amount of light incident upon the phototube. . 

Existing systems, as will be evldcsnt from the above description, 

♦Trademark 
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also are limited In that measurements of dichroism spectra must be made 
one wavelength band at a time, the bands being changed In succession 
by a scanning mechanism in the monochromator. This is particularly 
troublesome in the infrared region of the spectrum where, owing to the 
very small amounts of dichroism ordinarily encountered, and to the below 
mentioned "constant noise" property of usual photometric detection sys- 
tems, a very long time must be taken for the measurement at each wave- 
length band in order to accumulate enough information to permit accurate 
estimates of such small differences in absorption. 

In ordinary absorption measurements, it has been known for 
some time that by using methods commonly called "Fourier spectroscopy," 
employing an interferometer, measurements could be made at many wave- 
lengths simultaneously, each wavelength being characterized by a different 
signal frequency Imposed on the radiation falling on the detector. The 
signals are subsequently "sorted out" according to frequency by a math- 
ematical process characterized by taking the inverse Fourier transform of 
the signals collected and electrically recorded from the detector. By 
making measurements at many wavelengths simultaneously, it is possible 
to obtain as accurate or more accurate measurements at each wavelength 
as could have been obtained in the same time at a single wave band with 
the use of a monochromator for wave band isolation, assuming constant 
detector noise, equal optical bandwidth or resolution, equal transmission 
efficiency, and equal "'light grasp" or "throughput, " 

Another advantage of interferomBtric modulation lies in the fact 
that It is practical for a given resolving power of the apparatus to transmit 
more radiation through an interferometer than through a monochromator. 
This is for two reasons: The first is that the "light grasp, " that is, the 
geometrical factor determining the capability af the apparatus to transmit 
radiation, is recognized to be greater for an interferometer than for a 

\ 
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monochromator. The second is that the monochromator usually contains 
many more optical elements, each of which introduces some loss in the 
system; thus, the transmission efficiency of the monochromator can 
easily be less even for a given single wavelength than that for an inter- 
ferometer despite the fact that a typical beam splitter in an interferometer 
reduces the light intensity transmitted through the interferometer by a 
factor of tv/o at the beam recombining point, half of the radiation being 
returned toward the source. 

Prior to the invention disclosed in U.S. 
Letters Patent 3, 728, 0 30, issued April 1 7, 1 97 3, 
and entitled, "Polarization Interferometer, " no way was known, to my ' 
knowledge, to apply the above Interferometric modulation technique to 
the measurement of circular dichroism. The Hawes application discloses 
an interference polarization modulator, including relatively movable re- 
flectors for processing source light, and characterized by production of 
negligible amplitude modulation in the absence of dichrolsm in the optical 
train that follows the modulator and in the detector. Either linear or 
circular dichrolsm in that region of the instrument, however, will convert 
the polarization modulation into amplitude modulation. The polarization 
modulatiop is characterized by a different frequency for each wavelength 
of the radiation: thus, the signals caused by the interaction of the radia- 
tion with dichroic sample may all be recorded simultaneously and may 
subsequently be "unscrambled" by simple electronic frequency isolation, 
or, preferably, by the use of a computer to derive the Inverse Fourier trans 
form of the ensemble of frequencies constituting the complete signal, and 
thus obtaining a transmission spectrum corresponding to the dichrolsm. 
The transmission spectrum in turn. In the case of the circular dichrolsm, 
may be converted into dichroism by dividing by the ordinary transmission 
spectrum {corro spending to ordinary absorption) which may be derived by 
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ordinary Fourier spectroscopy. 

While the specif ic polarization, interferometer means 
described in said Hawes patent has certain unusual advantages, 
there are additional unusual advantages associated with the 
interferometer means described herein. 

SUMMARY OF THE INVENTION 

It is a major object of the invention to provide inter- 
ferometer means of improved design in dichroism measurement 
apparatus of the above type. Generally speaking, that apparatus 
10 will include: 

a) a source of linearly polarized electromagnetic 
radiation of different wavelengths \ 

b) the improved interferometer means for processing 
source radiation to provide a beam characterized, for each 
wavelength, by ellipticity that alternates between left and 
right circular polarization and between which the beam polariza- 
tion becomes linear in one direction as the ellipticity alter- 
nates from left to right circular polarization, and linear 

in another direction as the ellipticity alternates from right 
20 to left circular polarization, the character! site frequency ^ 
of such alternation varying as a function of the wavelength, 

c> a sample space located for effecting passage of the 
elllptically polarized beam through a dichroic sample in that 
space,, the sample differentially absorbing the alternately 
polarized radiation of a characteristic set of wavelengths 7^^ , 
. and 

d) a beam intensity detector located in the path of the 

beam passing from the sample space and characterised as having 

signal output that varies in intensity with frequency when 

a 

/ 30/ said sample is in said space, said output adapted for processing. 
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to produce dichroic spectra varying with wavelength A. 

As will be seen, the improved interferometer means may 
comprise a beam splitter located for passing and reflecting 
source light in two beams, beam reflecting and polarizing 
structures in the respective paths of said two beams, at least 
said reflecting structures being relatively movable, and 
actuating means for effecting such relative movement of said 
structures to control said frequencies ^ ^. More specifically, 
the polarizing structures may each comprise a reflection 
10 polarizer; or, a mirror together with a transmission polarizer 
located to pass the beam both incident upon and reflected from 
the mirror; or, a set of retroref lectors located to separate 
the beam entering the set from the beam leaving the set, to- 
gether with a transmission polarizer in the path of that beam, 
as will be seen. 

Alternatively, the improved interferometer means may 
comprise a beam splitter as referred to , beam reflecting, 
structures in the respective paths of the two beams, said 
structures being relatively movable, beam retarding means in 

20 . the path of at least one of the two beams, and actuating means 

* 

for effecting such relative movement of said structures as to 
control the frequencies V^. The said structures may comprise 
mirrors or retroref lectors ; and the beam retarding means may 
comprise a quarter wave retarder in the path of the beam 
transmitted twice by the retarder, or a half wave retarder in 
the path of the beam transmitted once by the retarder; also, 
. another half wave retarder may be employed and operated as a 
compensator in the path of the beam transmitted by the beam 
splitter. 

30 More particularly, there is provided in dichroism 

measurement apparatus the combination that incldues a source 
of electromagnetic radiation of a relatively broad band of 
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wavelengths h , and a linear polarizer in the path of the 
radiation. An interferometer for processing linearly polarized 
source radiation to provide a beam characterized, for each 
wavelength, by ellipticity that alternates between left and 
right circular polarization and between which the beam polar- 
ization becomes linear in one direction as the ellipticity 
alternates from left to. right circular polarization, and linear 
in another direction as the ellipticity alternates from right' 
to left circular polarization, the characteristic frequency 
10 of such alternation varying as a function of the wave- 

length. A sample space is located for effecting passage of 
the elliptically. polarized beam through a dichroic sample in 
that space, the sample differentially absorbing the alternately 
polarized radiation of a characteristic set from the wavelengths 
7V • A beam intensity detector located in the path of the 
beam passing from the sample space and characterized as having 

signal output that varies in intensity with frequency sub- 

a 

stantially only when the sample is in the space, the output 
adapted for processing to produce dichroic spectra varying with 

20 wavelength ^ . The means comprising a beam splitter located 
for passing and reflecting source light in two beams and beam 
reflecting structures in the respective paths of the two beams. 
The structures are relatively movable. A beam retarder in the 
path of at least one of the two beams and an actuator for effecting 
such relative movement of the structures to control the 
frequencies a/^. The two beams return toward the splitter as 
separate but coherent beams and with relative and progressive 
phase retardation for recombination by the splitter and having 
orthogonal polarization directions to provide the elliptically 

30 polarized beam. 

These and other objects and advantages of the invention, 
as well as the details of illustrative embodiments, will be 

- 7a - 
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more fully understood from the following description and 
drawings, in which: 
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DRAWING DESCRIPTION 
Fig. 1 is an overall system diagram; 

Figs, 1^ — Id are views taken normal to the beam locations 
as seen in Fig, 1; 

5 Fig. 2 is a diagram illustrating fluctuation of polarization 

as a function of time, for two wavelengths; • 

Fig. 3 is a waveform illustrating dichroism as a function of 

wavelength; 

Fig, 4 is a polarization sequence as is characteristic of the 

10 Invention; 

Fig. 5 is a polarization sequence as Is characteristic of a 
conventional electro-optical modulator; and 

Figs. 6-9 are partial system diagrams showing other modified 
forms of the invention. 

IS DETAILED DESCRIPTION 

Referring first to Fig. 1, having to do with measurement of 
circular dichroism, a light source and collima ting lens are indicated at 10 
and 11, the source providing broadband electromagnetic radiation such as 
light of different wavelengths A. An aperture stop appears at 110. Between 

20 the source and the sample space 12 is located what may be referred to 
generally as polarization interferometer means including beam reflecting 
and polarizing structures for processing source light to provide a beam at 
13 characterized, for each wavelength, by ellipticity that alternates between 
left and right circular polarization and between which the beam polarization 

25. becomes linear with direction alternating from one which may be referred to 
as "parallel" or "p", to one which may be referred to as "perpendicular" or 
"s", such notation being conventional, the frequency of such alternation 
being a function of light wavelength, i.e. 
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■^^= F ( (1) 

where ^ « numbers associated with 

^ particular wavelengths 

= ellipticity alternation 

frequencies associated with 
particular wavelengths 

Fig. 2 depicts such fluctuation of polarization as a function 
of time t, for particular wavelengths A ^, and ?V2' ^® generalized 

to other wavelengths by including lines of other slopes. representative of 
other wavelengths, each passing through the zero optical phase axis at 
the zero order point. Note that the lines extend indefinitely in both direc- 
tions, and that their extent depends upon the velocity and distance travelled 
by the movable carriage to be described. In the interferometer of Fig. 1, 
the slope of each line is inversely proportional to the corresponding 
wavelength. 

The sample space 12 is located for effecting passage of the 
beam 13 through, for example, a circularly dichroic sample 14 in that,space, 
the sample typically differentially absorbing the left and right circularly 
polarized light of a characteristic wavelength. A beam intensity detector 
15 Is located in the path of the beam 13^ that has passed from the sample 
space 12, a condenser or other optics 16 typically being inserted in the 
beam path to reduce the size of the beam at the detector. A lens or other 
optics 16a. may focus the beam 13 at the sample in space 12. An alternative 
sample space is Indicated at 12a, othisr locations also being useful. The 
Intensity of the detector output signal at 17 is characterized as varying 

with frequencies when the sample 14 is in the space 12. 

a _ 

The detector output, an Interferogram function F ( Is 
subsequently processed by apparatus generally designated at 18 to pro- 
duce dichroic spectra varying with wavelength A , as seen in Fig. 3. 

In the absence of a sample, the detector Ideally produces a 
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constant (or DC) output, except for noise or random fluctuations. The 
term "ideally" is used because a detector which is completely free of 
response to linear polarization is very unusual. In practice, advantage 
Is taken of the fact that the circular dlchroism is at quadrature with the 
signal resulting from linear effects, and can, therefore, in principle, be 
completely isolated from the linear response in the computation. In prac- 
tice, of course, this isolation is never complete, but by careful adjustment 
and design It may be very helpful. 

The Illustrated apparatus 18 may Include an amplifier 19 the 
Input of which Is connected to receive the detector output 17; a digitizer 
20 (as for example an analog to digital converter) connected to receive the 
analog output 21 of the amplifier to provide a corresponding digital output 
22; and a digital computer 23 operatively connected with the digitizer to 
derive a Fourier transmittance dlchroism spectrum ^Tj^r ( A ) or ^Tp_g ) 
as^ndlcated, and In accordance with the equation ^T^^-j^) or AT^p_^^j - . 

( yp/^) X M. (/^ ^) d/v^the demodulation function M ( A ) being defined 
l^elow. A usable computational technique Is described at page 1667 of the 
article "What is the Fast Fourier Transform?", proceedings of the IEEE, 
Vol. 55, No. 10. ' — 

A Fourier spectroscopy transmittance spectrum T (/I) is derived 
for the ordinary transmission of the same sample, as is conventional, and 
the computer component 23^ then divides ( A ) or A T^^^ {A ) 

by T ( /\ ) to obtain at output point 90 the negative of the approximate ab-' 
sorbance spectrum ( ^ ) or ^A^^^ ( rl ) corresponding to circular 

or linear dlchroism respectively, as Is represented in Fig. 3. A linear or 
circular dlchroism display Is Indicated at 91 In Fig. 1. If desired, output 
.21a ifrom the' digitizer may be recorded by recorder 24 for later processing by 
the computer.. An alternative method for deriving the spectrum T {A ) would 
merely Involve turning the InlUal polarizer 26 so that its polarization effect 

\ 
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lies at 45*^ to the direction shown, followed by re-running the system and 

computation of the integral defined above. Alternatively, the spectrum 

T ( .^i ) may be obtained by merely removing the polarizer, which would 

be preferable if measuring linear dichroism. The interferometer means 

to provide beam 13 may have an associated scan viBlocityV characterized 

In that, for any selected wavelength of the light provided by source 

a 

10, there is'an associated frequency a/^^ of beam elllpticlty alternation 
as described above, and as may for example be represented by the follow- 
ing equation: 

This equation represents one form which Equation (1) may take, 
and means to be described will, in general, function to satisfy Equation (2). 
Equation (2) may be looked upon as representing the condition that each 
wavelength goes through the polarization cycle at a characteristic 
speed. Thus, in Fig. 2, wavelength goes through the polarization 
cycle with a period T^ associated with frequency whereas, the wave- 
length /1 2 through its polarization cycle with a period T^ associated 
with frequency- >V^ T^ being different from T^^, in general; Note that 
these occur for the same scan velocity V of relatively movable reflecting 
istructures in the interferometer means to be described. 

In Fig. 1, the linear polarizer 26 operates upon source light 
27 to linearly polarize same, as for example is represented by the vector 
128 as viewed in Fig. la. A beam splitter 30 is located for reflecting a 
component of light beam 29 to form reflected beam 31, and for passing a 
component of beam 29 to produce beam 32. 

A reflection polarizer, designated at 38, is movable relative 
to . the; reflection polarizer 35, and to the splitter 30, and also on the 
positive or negative Y-directlons, and at velocity V, as described. For 
this purposQ;» the reflection polarizer. 38 may be mounted on a carriage 36 
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movable by actuator 37. The reflection polarizer (one example of which 
is Model 185-0240 sold by .Polaroid Corporation used as a reflector) pro- 
. duces a beam 48 returning to the splitter 30 with a characteristic polari- 
zation vector oriented in the X direction indicated by vector 49 as seen in 
5 Fig. lb. Beam 48 is shown for convenience as offset from beam 31; how- 
ever, normally these beams are coincident. 

I 

Refliection polarizer 35 operates upon beam 32 to produce a 
return beam 42 with polarization in the direction of vector 43 in the direction 

of the Z-axis, as seen In Fig. Ic. In this regard, polarizer 35 may be of 

'i • 

10 the same type as polarizer 38. Beams 42 and 48 are recombined at the 
splitter 30 to produce beam 13, with associated polarization modulation 
described below in connection with Fig. 4. In this regard, the time 
coordinate t as : y 
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shown in Fig. 2 may be looked upon as determining the phase 
difference A0 between vector 4 3 and vector 49, or as 
corresponding to the distance of travel of actuator 37. Beams 
42 and 4 8 are separate but coherent linearly polarized beams 
of approximately equal intensity, and having orthogonal 
polarization directions; also, one of these beams is progres- 
sively retarded in phase with respect to the other, the 
retardation rate being different for different wavelengths 
within the band. 

10 The fundamental requirement here is not of particular 

directions, but that the recombined polarization directions 
be orthogonal. More accurately, the separate beams which are 
recombined by the interferometer, if considered independently 
of each other, must be coaxial and have polarization vectors 
lying in orthogonal directions. While Fig. Id shows these 
directions as X and Z, it is not at all necessary that one of 
these directions be the Z-direction and the other the Y- or 
X-direction; however, it is important that the two beams of 
linearly polarized radiation, which are recombined by the 

20 interferometer and which have polarization vectors as described 
above, do not have a resulting component that fluctuates sub- 
stantially in intensity or amplitude. Otherwise the instrument 
would respond to ordinary absorption, and this much larger 
effect would tend to mask any circular dichroism as well as 
altering the apparent magnitude of any linear dichroism. The 
described interferometer can be adjusted to produce sub- 
stantially no amplitude modulation of the combined beams at 13. 

I.t should be noted that a carriage 36a for reflection 
polarizer 35 may be. moved in the X-direction with velocity V, 

30 while carriage 36 is not moved in the Y-direction, the funda- 
mental requirement being relative movement between the 
reflection polarizers. 

- 12a - 
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A demodulation function M { ) referred to above may be ' 
derived by operation of means for determining the position 
of the traveling carriage 36 with respect to the position where 
the two beam paths are equal as regards travel between the 
splitter and the reflector groups 35 and 38 and return (i.e. 
the so-called "zero-order" position). Such means may include 
a pair of auxiliary light beams, say in the visible region of 
the spectrum. One beam is a broad ban^ beam 80 emanating from 
a source 81 to be polarized by a polarizer 98, and passing through 
the interferometer in offset relation to the. beams 29, 31, 48, 
32, 42 and 13 referred to above, but with the same total optical 
pathlengths between beam splitting and recombination. After 
recombination, the resultant beam at 82 is passed through a 
polarizer 75 or other strongly linearly dichroic device, and 
detected at 83 and the resultant signal is passed at 84 to the 
computer component 23b. The interferogram produced by this 
beam has a single strong spike or intensity maximum occuring 
approximately at the zero-order position, and thus identifying 
it and determining the zero phase position of the demodulation 
20 function M ( ^ ) . 

The second beam 85 is a laser beam, generated at 86, 
and preferably having only one or a few axial modes, and being 
strongly linearly polarized. After passage through the inter- 
ferometer in offset relation to the above discussed beams, but 
with the same optical pathlengths, the recombined resultant 
beam 87 is passed through a polarizer shown as 76, although 
the same dichroic element 75 may be used if desired, and detected 
at 88 and passed at 89 to the computer component 23b embodying 
a fringe counting and measuring system which enables the deter- 
mination of the distance traveled by the carriage to be 
abisblutely and accurately fixed,, as by counting fringes from 
the zero-order position. The output of the fringe counting 
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system is then interpreted by the computer component 23b to 
provide the demodulation cosin or sine function M i.e. 
cos ( at) or sin ( V^t) , required for the generation of the 
inverse 
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Fourier transform, the cosine or sine corresponding respectively to linear 
or to circular dichroism, whichever is to be measured. 

Samples exist which exhibit both linear and circular dlchroism 
simultaneously. For a complete study the interferogram of such a sample 
would have to be processed In the computer twice, once with each demod- 
ulation function, and the two separate (linear and circular) dlchroism 

I 

spectra of such a sample would then be obtained. The circular dlchroism 
spectrum would show absorption bands which always correspond to some 

of the wavelength positions for ordinary absorption, whereas the linear 

1 

dlchroism spectrum would not necessarily correspfond to the ordinary ab- 
sorption spectrum although it would commonly do so. To reiterate, the 
one Interferogram carries the Information for both linear and circular 
dlchroism spectra. 

Reference to Fig. 4 shows the modulation character of the 
recomblned beams at 13 as passing through the repeated cyclic sequence 
of which the following Is a complete cycle with arbitrary starting point: 



101 


- left circularly polarized 


102 


- elliptically polarized (left) 


103 


linearly polarized in the "p" direction 


104 


- elliptically polarized (right) 


105 


- right circularly polarized 


106 


- elliptically polarized (right) 


107 


- linearly polarized in the "s" direction 


108 


- elliptically polarized .(left) 


101 


- left circularly polarized 


etc. 





This sequence illustrates only discrete. points in a continuous 
progression of elliptical polarization that results if two coherent beams 
of polarized radiation are combined coaxlally and with their polarization 

• \ 
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vectors orthogonally oriented, and the phase of one beam is progressively 
increased with respect to the other. 

As is conventional in absorption Fourier spectroscopy, the mirror 
motion may be either stepwise or continuous. Likewise, either the absolute 
value of the intensity or its differential with respect to pathlength may be 
. measured. The apparatus shown in Fig. 1 may be looked upon as one 
example of means to produce the above polarization sequence. 

An important difference between the Fig. 4 polarization sequence 
and that produced by conventional electro-optical modulators (as for example 
that described in U. S. Patent 3,257,894 to Grosjean) is that in the Fig. 4 
sequence the linear phases at 103 and 10*7 are different, whereas in the 
sequence produced by the electro-optical modulator the linear phases have 
the same vector direction. See for example the linear phases 103 in the' 
Fig. 5 sequence as produced by a conventfonal electro-optical modulator. 
The latter sequence progresses cyclically through five of the states shown 
In Fig. 4, beginning with the first state 101 or the third state 103 depend- 
ing upon whether circular or linear dlbhroism is to be measured. It then 
returns through the same sequence in reverse, Instead of progressing 
through the states 106, 107 and 108 as in Flgf. 4.. The Fourier modulator 
progresses through the complete cycle and then, continuing on, repeats 
the cycle again in the original sequence. 

It Is important that a clear distinction be made between opera- 
tion in the Infrared and operation in the ultraviolet or visible regions of 
the spectrum. It is well known that in the infrared, where measurements 
are not limited by the statistical arrival of photons, but rather by noise 
arising in the detector or in the amplifier used with the detector, or caused 
by the radi^ition field to which the detector is exposed on all sides, so 
that the noise per unit frequency, bandwidth is substantially independent 
of the light intensity, the advantage in signal-to-noise ratio attainable 

. \ 
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through Fourier spectroscopy Is much larger than when measurements are 
mode with a. good multiplier phototube* In the latter, the noise principally 
arises from the statistical distribution of arrival of photons and thus in- 
creases with the total light intensity falling on the detector. Thus, with 
the phototube, each added wavelength band Included increases the noise 
in proportion to the square root of the total flux of photons. The increasing 
noise vitiates the gain which would otherwise occur in signal-to-noise ratio. 
In other words, while Fourier dichrolsm measurements may have advantages 

in the ultraviolet or visible regions of the spectrum, these advantages do 

I 

not Include the so-called "Fellgett advantage," namely that the time for 
measurement of a large number of bands simultaneously by Fourier Spectro- 
scopy Is approximately equal to that required for measurement of a single 
band by conventional spectroscopy using a monochromator to isolate the 
wavelength band wanted and to reject other bands. 

The modified form of the invention seen in Fig. 6 again includes 
elements 10, 26, 11, 30, 16a and 12, as described above; however, the 
beam reflecting and polarizing structures here comprise mirrors 140 and 141, 
and transmission polarizers 142 and 143, as shown. The latter are oriented, 
respectively, at . 45° and. -45° to the direction of linear polarization of the 
entering beam 29. Polarizer 142 is located to pass the beams 31a and 48a 
respectively incident upon and reflected from mirror 140; and polarizer 143 
is located to pass the beams 32a and 42a both incident upon and reflected 
from mirror 141. An example of such a polarizer is that identified as 
Model HR, a product of Polaroid Corporation. Elements 35, 36 and 37 are 
also the same as in- Fig. 1; and beam 13 is like that previously described. 

. A preferred- "Mach-Zender" version of the invention seen in 
Fig. 7 also Includes elements 10, 26, 11, 30, 16a, 12, 35, 36 and 37 as 
described above; however, beam reflecting and polarizing structures here 
each comprise a set of retroreflectors located to separate the beam entering 
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the set from the beam leaving the set, and a transmission polarizer in the 
path of that beam. For example, retroreflector set 146 includes 90^ angled 
mirrors 146a and 146b separating beam 31b from beam 48b, and retroreflector 
set 147 includes 90*^ angled mirrors 147a and 147b separating beam 32b from 
beam 42b. A common beam splitter and combiner 30 is employed, as pre- 
viously, and linear transmission polarizers 150 and 151 can be located 
. either preferably after the retroreflector mirrors (as shown), or between or 
preceding them. The axis of polarizer 150 is oriented at 0^ relative to the 
plane of Fig, 7 (l,e. the X-direction), and the axis of polarizer 151 is 
oriented at 90^ to the plane of Fig. 7 (l.e, , the Z-directipn). 

A principal advantage of the arrangement of Fig, 7 over that 
of Fig, 6 Is that radiation reflected from the polarizers in Fig. 7 Is not 
recombined in the exit beam, so that the tendency for production of un- 
modulated or amplitude modulated radiation is reduced. 

In both Figs, 6 and 7, the beam 13 Is characterized as having 
orthogonal polarization directions as indicated at 43 and 49 In Fig. Id. 

Beam 155 Teavlng the splitter-combiner 30 may be returned to 
a reference detector, or may be employed in a manner like that for which 
beam 13 is used, l.e, directed througha sample; etc., for subsequent 
detection^ this beam being shown proceeding in a horizontal direction in 
Pig. 7. 

With respect to passage of the beam through the sample, for 
pure circular dichrbism the sample exhibits no difference in absorption for 

linearly polarized light, no matter how it is oriented in the beam. In the 
■ case of linear dichroism, exactly the opposite occurs. The sample, when 

oriented correctly in the beam, shows a difference in absorption for linearly 
: pcflariz radiation with one direction of linear polarization from that with 
: the orthogonal direpUon of linear polarization. If the sample is purely 
inoarly dichroic, it shows no difference in absorption for the circularly 
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polarized components. 

Since the signal for pure linear dichroism Is, at a given 
wavelength, exactly in quadrature with the signal for pure circular dichroism, 
these two signals can be independently demodulated by the cosine and sine 
demodulation function respectively. 

The alternative forms-of the invention seen in Figs. 8 and 9 
also include elements 10, 26, 11, 30, 16a, 12, 35, 36 and 37 as referred 
to above. Beam reflecting structures In Fig. 8 comprise mirrors 160 and 
161^ and in Fig. 9 comprise retroreflectors 162 and 163 similar to those 
at 146 and 147 In Fig. 7. 

In each of Figs. 8 and 9 beam retarding means is located in 
the path of at least one of the two beams which are respectively trans- 
mitted and reflected by the splitter 30, The retarder illustrated in Fig. 8 
comprises a quarter wave plate 166 in the path of the beam transmitted 
twice by the retarder, i.e. beam paths 32c and 42c. Plate 166 Is oriented 
at plus or minus 45^ to the polarization direction of beam 32a. The retarder 
seen In Fig. 9 comprises a half wave retarder 167 in the path of beam 31d 
reflected by the splitter 30. Retarder 167 is made as nearly achromatic as 
possible so that a* large- spectral range can be covered. Linear polarizer 
26, in Fig. 9 may have its axis at either zero or 90^ to the. plane of the 
figure, and the axis of retarder 167 Is at 45^ to that plane, A half wave 
plate 168 may be located in the path of the beam 32d transmitted by the 
splitter and operated as a compensator, i.e. to compensate for the path 
difference caused by the half wave plate amd for its dispersion. It is con- 
structed like the plate 167-, but is oriented with its axis parallel or perpendicular 
to the beam polarization so that it does not produce relative phase retarda- 
tion In the second beam. Matching plate 167 produces phase retardation 
which substantially matches the phase retardation of either the ordinary 
or extraordinary ray in the half wave plate 168. If desired, the positions 
of the retarder 167 and componsator 168. may bo Interchanged. 
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The beam splitter In Figs* 6-9 may comprise a thin film of 
metal on a supporting glass plate, as is conventional. The retarders 
166-168 are conventional devices^ The purpose of the Figs. 6-9 con- 
figurations is, of course, to yield a beam 13 with polarization modulation 
5 as described in Fig. 4, above. , 

Referring back to Fig. 1, known elements usable in certain 
illustrated blocks are identified as follows; 

Block 15 — *Mullard TGS i^roelectric detector (2mm square), a product 
of Mullard Company, Southampton, England. 
10 Block 19 — preamplifier Model 225, a product of Princeton Applied Research 
, Labs, Princeton, New Jersey. 
Block 20 — analog to digital computer Model AN 2715M, 15 bit with "sample • 

and hold" option, a product of^nalogic, Wakefield, Massachusetts. 
Block 23 — ' computer Model 62 0/L - 105 with 24K memory; 620-06^TY con- 
15 troller; 'VtY (teletypewriter) Model ASR35; 620/L- 116 priority 

Interrupt module; and 620-80 buffered I/O controller, products 
of Varian Data Machines, 2722 Michelson Drive, Irvine, CaHf. 
Block 23a ~ computer to divide ^T ( A ) by T { 7\ ); see block 23, used 

when not collecting data, i.e. time shared for the purpose; or 
•20 a- duplicate machine with smaller memory (4K) and no TTY. 

■ Block 23b — fringe counter and "central peak" identifier. See block 23a.. 
Block 24 ~ Recorder; see block 23^ above. 

Block 91 r- Display; *Varian Data Machines Model 620-72 Digital Plotter • 
and Controller. 

.25 . . ■ 
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The embodiments of the invention in which an exclusive 
property or privilege is claimed are defined as follows: 

1. In dichroism measurement apparatus the combination 
that includes: 

a) a source of electromagnetic radiation of a 
relatively broad band of wavelengths ^ , and a linear polarizer 
in the path of said radiation, 

b) interferometer means for processing linearly 

polarized source radiation to provide a beam characterized, 

for each wavelength, by ellipticity that alternates between 

left and right circular polarization and between which the beam 

polarization becomes linear in one direction as the ellipticity 

alternates from left to right circular polarization, and linear 

in another direction as the ellipticity alternates from right 

to left circular polarization, the characteristic frequency ^ 

a 

of such alternation varying as a function of the wavelength, 

c) a sample space located for effecting passage 
of the elliptically polarized beam through a dichroic sample 
in that space, the sample differentially absorbing the 
alternately polarized radiation of a characteristic set from 
the wavelengths and 

d) a beam intensity detector located in the path 
of the beam passing from the sample space and characterized 

as having signal output that varies in intensity with frequency 

substantially only when said sample is in said space, 
said output adapted for processing to produce dichroic spectra 
varying with wavelength 

e) said means comprising a beam splitter located 
for passing and reflecting source light in two beams, beam 
reflecting structures in the respective paths of said two 
beams, sadd structures being relatively movable, beam retard- 
ing means in the path of at least one of said two beams, and 
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actuating means for effecting such relative movement of said 

structures to control said frequencies -5/ , said two beams 

a 

returning toward the splitter as separate but coherent beams 
and with relative and progressive phase retardation for re- 
combination by the splitter and having orthogonal polarization 
directions to provide said elliptically polarized beam. 

2. The improvement of Claim 1 wherein each of said 
structures comprises a mirror. 

3. The improvement of Claim 1 wherein each of said 
structures comprises a set of retroref lectors located to 
separate the beam entering the set from the beam leaving the 
set. 

4. The improvement of Claim 1 wherein said beam 
retarding means comprises a quarter wave retarder in the path 
of the beam transmitted twice by the retarder. 

5» The improvement of Claim 1 wherein said beam 
retarding means comprises a half wave retarder in the path of 
the beam transmitted once by the retarder. 

6. The improvement of Claim 5 wherein the beam 
reflecting structure receiving the beam reflected by the 
splitter comprises a reflection polarizer. 

7. The improvement of Claim 4 including another 
half wave retarder operated solely as a compensator in the 
path of the beam transmitted by the beam splitter. 
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